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Abstract
Dark matter interacting with the Standard Model fermions through new scalars or pseu-
doscalars with flavour-diagonal couplings proportional to fermion mass are well motivated
theoretically, and provide a useful phenomenological model with which to interpret experi-
mental results. Two modes of dark matter production from these models have been consid-
ered in the existing literature: pairs of dark matter produced through top quark loops with
an associated monojet in the event, and pair production of dark matter with pairs of heavy
flavoured quarks (tops or bottoms). In this paper, we demonstrate that a third, previously
overlooked channel yields a non-negligible contribution to LHC dark matter searches in these
models. In spite of a generally lower production cross section at LHC when compared to
the associated top-pair channel, non-flavour violating single top quark processes are kine-
matically favored and can significantly increase the sensitivity to these models. Including
dark matter production in association with a single top quark through scalar or pseudoscalar
mediators, the exclusion limit set by the LHC searches for dark matter can be improved by
30–90%, depending on the mass assumed for the mediator particle.
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Introduction
The nature of dark matter is one of the fun-
damental open questions in particle physics,
and its discovery is one of the main goals of
the Large Hadron Collider (LHC) [1]. Grav-
itational evidence across a wide range of as-
trophysical and cosmological systems demon-
strates the existence of dark matter in our Uni-
verse today [2, 3], and precision measurements
from the early Universe indicates that it com-
poses about 26% of the Universe’s energy bud-
get [4].
Although no direct information about its prop-
erties or non-gravitational interactions is yet
available, potential interactions between dark
matter and Standard Model (SM) particles are
well motivated theoretically. Assuming that
dark matter was ever in thermal equilibrium
in the early Universe, obtaining the observed
abundance today requires dark matter to have
an interaction strength with some other par-
ticle or particles at the order of the weak nu-
clear force or stronger [5]. While it is possi-
ble that dark matter would be produced via
other, non-thermal mechanisms, thermal pro-
duction provides a tantalizing possibility for
LHC discovery. Should these interactions ex-
ist, dark matter would be produced in proton-
proton collisions at LHC and studied in detail.
Collider data could access a different range of
possible interactions between dark matter and
SM particles than current direct and indirect
searches [6, 7, 8], allowing an important inter-
play and complementarity among experiments
in the quest of discovering dark matter.
An astrophysically-viable dark matter can-
didate must be electrically neutral, non-
interacting via the strong nuclear force, and
stable or metastable, with a decay lifetime
larger than the age of the Universe (∼ 1018 s).
Therefore, dark matter is invisible at the LHC,
and its production at colliders can be only in-
ferred indirectly by a large momentum imbal-
ance in the transverse plane of the detector,
as the dark matter recoils against visible parti-
cles. The specific nature of these visible parti-
cles is model-dependent, and given our lack of
knowledge of the physics of the dark sector, it is
necessary to consider all experimentally-viable
possibilities.
During the LHC Run I, from 2010 to 2012,
many searches for dark matter production were
performed [9, 10, 11]. The results have been
interpreted assuming contact interactions be-
tween the dark matter and the SM sectors
through effective field theories (EFTs) [12, 13].
This approach is valid as long as the energy of
the interaction is such that the details of the
mediator are not resolved [14, 15]. In this ap-
proximation, the kinematics depends only on
the dark matter particle’s spin and the mass as
well as the Lorentz structure of the interaction.
Considering the center-of-mass energy at LHC
in Run II, it has since been realized that the
assumptions underlying the EFTs would not
hold at the LHC in many cases [14]. Instead,
the accurate interpretation of searches for dark
matter production at the LHC requires the in-
clusion of additional on-shell mediating parti-
cles. Integrating these mediators out (result-
ing in the previously-considered EFTs), often
results in incorrect conclusions about the ex-
perimentally excluded regions, and may reduce
the experimental sensitivity by ignoring kine-
matic features [16, 17, 18, 19]. However, adding
the mediator back in to the particle spectrum
requires specifying the details of the interac-
tions, which were safely ignored in the EFT ap-
proach. As an intermediate step between EFTs
and a fully-specific UV theory, “simplified mod-
els” which have a small number of assumptions
about the dark matter and contain the minimal
particle content were developed to allow for ac-
curate interpretation of LHC results [20, 21].
While the landscape of possible simplified mod-
els is large, the possibility of dark matter inter-
actions with the SM mediated by a new scalar
and/or pseudoscalar is theoretically attractive,
as it can be easily accommodated in extended
Higgs sectors [22, 23]. Given that couplings
between spin-0 particles and SM fermions re-
quires some amount of SU(2)L×U(1)Y break-
2
ing, it is reasonable to construct models where
the scalar or pseudoscalar coupling to the SM
fermions is weighted by the SM Yukawa cou-
plings [24]. Assuming minimal flavour viola-
tion (MFV) [25, 26, 27, 28], the discovery po-
tential for scalar and pseudoscalar interactions
in the monojet channel (mediated by top-quark
loops similar to gluon-fusion Higgs production)
is significantly improved when considering pro-
cesses where the dark matter couples to mas-
sive third generation quarks [29], in particu-
lar top quarks. This has motivated analyses
searching for events in which the dark mat-
ter particles are produced in association with
a pair of top quarks (tt¯+DM) [30, 31] or with
one or two bottom quarks (b(b)+DM) [32, 33],
performed by the ATLAS and CMS collabora-
tions with the data collected in 2015 at
√
s = 13
TeV.
What has not been previously appreciated is
that this same model predicts additional pro-
duction mechanisms for dark matter particles,
created along with a single top quark (t/t¯ +
DM), rather than a pair. The main production
diagrams for this single top process are shown
in Figure 1. The production of the single top is
obtained through processes mediated by a vir-
tual t–channel or s–channel Wboson (Figure 1
(a) and (b) respectively), or through the asso-
ciated production with a Wboson (Figure 1 (c)
and (d)). So far, final states involving a single
top quark and missing energy (/ET) from dark
matter particles have been studied only con-
sidering flavour-changing neutral interactions
[34, 35, 36].
In this article we demonstrate for the first
time that dark matter production in associa-
tion with a single top quark, as predicted by
spin-0 simplified models, yields a sizeable con-
tribution that should be accounted for in heavy
flavour searches. In spite of the generally lower
cross sections, single top quark processes have
a different production mode and kinematics,
resulting in overall rates comparable to top
quark pair associated production, especially for
a large mediator mass. As a consequence, we
find that the sensitivity of the ATLAS and
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Figure 1: Main production diagrams for the associ-
ated production of dark matter with a single top at the
LHC: (a) s–channel Wboson production, (b) t–channel
Wboson production, and (c)–(d) associated tW produc-
tion
CMS searches can be further improved through
the inclusion of this channel with respect to the
tt¯+DM process alone, based on the results pub-
lished by CMS in 2.2 fb−1 of data [31].
Simplified model for dark mat-
ter and single top quark pro-
duction
We assume the dark matter particles χ are
Dirac fermions, with the interaction between
the SM and dark matter sectors mediated ei-
ther by a massive electrically neutral scalar Φ
or a pseudo-scalar A particle [24], collectively
referred to as ϕ. The Lagrangian terms of such
interactions can be expressed as:
LΦ ⊃ gχΦχ¯χ+ gvΦ√2
∑
f
(yf f¯f) (1)
LA ⊃ igχAχ¯γ5χ+ igvA√2
∑
f
(yf f¯γ5f). (2)
Here, the sum runs over the SM fermions
f , yf =
√
2mf/v are the Yukawa couplings
with the Higgs field vacuum expectation value
3
v = 246 GeV, gχ is the dark matter-mediator
coupling, and gv is the fermion-mediator cou-
pling. For simplicity, we have assume a uni-
versal value of gv for all fermion flavours. Un-
der the MFV assumption, this simplified model
has a minimal set of four free parameters:
(mχ, mϕ, gχ, gv).
It is most convenient to present experimental
results in terms of the product of the visible
and invisible couplings gχ, gv as a function of
the two masses (mϕ,mχ). However, while the
overall production rate times decay is set by
this product squared, it also depends on the
width Γϕ, set by g2χ and g2v separately:
Γϕ =
g2χmϕ
8pi
(
1− 4m
2
χ
m2ϕ
)n/2
+
∑
f
g2vy
2
fmϕ
16pi
(
1− 4m
2
f
m2ϕ
)n/2 (3)
where n = 3 for scalars and n = 1 for pseudo-
scalars interactions respectively. One can make
a number of simplifying assumptions to specify
the mediator width in terms of gχ, gv, mϕ, and
mχ. In this paper, we assume that gχ = gv = 1.
Note that this makes a model-specific assump-
tion for the cross sections and branching ra-
tios of the mediator to dark matter and SM
fermions. This should be kept in mind when
comparing the experimental sensitivity of var-
ious channels; though it does not affect the
particular comparisons we make in this paper.
More details about this simplified model are
described in Ref. [21, 24].
The signal processes are simulated at tree level
with the MG5_aMC@NLO v2.4.3 genera-
tor [37], without additional quarks or gluons
in the parton-level interaction. The Pythia
v6.428 software [38] is used for showering and
hadronization. The tt¯+DM and t/t¯+DM tW -
channel processes are produced in the massless
b-quark hypothesis (5-flavour scheme), while
the t/t¯ + DM t– and s–channel processes are
generated considering the b quark as a mas-
sive particle (4-flavour scheme). Cross sections
at generator level are calculated in 5-flavour
scheme for all processes and are reported for
different mediator and dark matter mass hy-
potheses in Table 1. The same values are pre-
sented graphically in Figure 2 for the hypothe-
sis mχ = 1 GeV. For each mass point and pro-
cess, 200k events have been generated, except
for t/t¯+ DM t–channel for which this number
is increased to 500k.
The response of the CMS detector is simulated
with Delphes v3.3.3 [39]. Reconstruction
and identification efficiencies for electrons and
muons are taken from Ref. [40] and Ref. [41]
respectively. Charged and neutral particles
are clustered into jets using the anti-kt algo-
rithm [42] with radius parameter R = 0.4, im-
plemented in the FastJet package [43]. Jets
originating from bottom-flavoured hadrons are
identified with an algorithm 60% efficient for
b-quarks, and with a mis-identification rate of
8% for c quarks and 0.1% for light quarks [44].
In order to reproduce the conditions during
the 2015 data-taking, an average of 11 addi-
tional parton interactions are simulated for ev-
ery bunch crossing.
Selection criteria and kinemat-
ics
In the tt¯ + DM CMS analysis [31], recon-
structed events are split in two exclusive cate-
gories, depending on the number of leptons in
the final state. As the search assumes the pair
production of top quarks in association with
dark matter, the zero-lepton final state cor-
responds to the hadronic decay of both tops,
while the one-lepton state comes from semi-
leptonic decay. The selections applied are dif-
ferent in the two cases, due to the different
background composition and trigger require-
ments.
In the hadronic channel, events with isolated
leptons and transverse momentum pT > 10
GeV are rejected. A minimum of four hadronic
jets with pT > 30 GeV are required, and at
least two of these must satisfy the b-tagging
4
mχ, mϕ (GeV) tt¯+ DM(pb)
t/t¯+ DM(pb)
t–channel tW–channel s–channel total t/t¯+ DM
sc
al
ar
mχ = 1, mΦ = 10 19.76± 0.01 (27.18± 0.05) · 10−1 (73.25± 0.06) · 10−2 (7.03± 0.01) · 10−2 (35.20± 0.05) · 10−1
mχ = 1, mΦ = 20 (10.55± 0.01) (17.03± 0.03) · 10−1 (40.44± 0.03) · 10−2 (36.29± 0.06) · 10−3 (21.43± 0.03) · 10−1
mχ = 1, mΦ = 50 (30.06± 0.02) · 10−1 (7.00± 0.01) · 10−1 (14.09± 0.01) · 10−2 (10.10± 0.02) · 10−3 (8.51± 0.01) · 10−1
mχ = 1, mΦ = 100 (69.60± 0.04) · 10−2 (26.83± 0.04) · 10−2 (55.49± 0.04) · 10−3 (24.74± 0.03) · 10−4 (32.62± 0.04) · 10−2
mχ = 1, mΦ = 200 (99.16± 0.07) · 10−3 (7.37± 0.01) · 10−2 (22.15± 0.02) · 10−3 (37.6± 0.05) · 10−5 (9.62± 0.01) · 10−2
mχ = 1, mΦ = 300 (32.21± 0.02) · 10−3 (28.88± 0.05) · 10−3 (12.04± 0.01) · 10−3 (9.87± 0.02) · 10−5 (41.02± 0.005) · 10−3
mχ = 1, mΦ = 500 (59.00± 0.06) · 10−4 (43.85± 0.08) · 10−4 (27.61± 0.02) · 10−4 (9.01± 0.01) · 10−6 (71.55± 0.08) · 10−4
mχ = 1, mΦ = 1000 (46.03± 0.05) · 10−5 (24.99± 0.03) · 10−5 (23.46± 0.02) · 10−5 (27.64± 0.04) · 10−8 (48.48± 0.04) · 10−5
mχ = 10, mΦ = 10 (96.42± 0.07) · 10−3 (23.13± 0.04) · 10−3 (50.44± 0.04) · 10−4 (32.83± 0.07) · 10−5 (28.51± 0.04) · 10−3
mχ = 50, mΦ = 300 (31.86± 0.03) · 10−3 (28.73± 0.04) · 10−3 (120.34± 0.09) · 10−4 (9.74± 0.02) · 10−5 (40.86± 0.04) · 10−3
ps
eu
do
sc
al
ar
mχ = 1, mA = 10 (44.63± 0.03) · 10−2 (15.34± 0.02) · 10−2 (66.36± 0.04) · 10−3 (19.69± 0.04) · 10−4 (22.19± 0.02) · 10−2
mχ = 1, mA = 20 (40.80± 0.03) · 10−2 (14.19± 0.02) · 10−2 (61.82± 0.04) · 10−3 (16.78± 0.03) · 10−4 (20.53± 0.02) · 10−2
mχ = 1, mA = 50 (30.72± 0.03) · 10−2 (10.94± 0.02) · 10−2 (50.00± 0.04) · 10−3 (10.30± 0.02) · 10−4 (16.04± 0.02) · 10−2
mχ = 1, mA = 100 (19.41± 0.02) · 10−2 (7.04± 0.01) · 10−2 (35.79± 0.03) · 10−3 (47.79± 0.09) · 10−5 (10.66± 0.01) · 10−2
mχ = 1, mA = 200 (86.78± 0.08) · 10−3 (31.39± 0.05) · 10−3 (19.65± 0.02) · 10−3 (13.20± 0.02) · 10−5 (51.17± 0.05) · 10−3
mχ = 1, mA = 300 (42.50± 0.04) · 10−3 (15.55± 0.02) · 10−3 (11.33± 0.01) · 10−3 (46.28± 0.08) · 10−6 (26.92± 0.03) · 10−3
mχ = 1, mA = 500 (59.43± 0.06) · 10−4 (22.27± 0.04) · 10−4 (19.96± 0.02) · 10−4 (41.72± 0.07) · 10−7 (42.27± 0.05) · 10−4
mχ = 1, mA = 1000 (48.33± 0.05) · 10−5 (19.09± 0.03) · 10−5 (21.44± 0.02) · 10−5 (19.31± 0.03) · 10−8 (40.56± 0.03) · 10−5
mχ = 10, mA = 10 (15.28± 0.02) · 10−3 (5.45± 0.01) · 10−3 (26.74± 0.02) · 10−4 (47.17± 0.09) · 10−6 (8.17± 0.01) · 10−3
mχ = 50, mA = 300 (42.43± 0.04) · 10−3 (15.54± 0.03) · 10−3 (11.34± 0.01) · 10−3 (46.19± 0.08) · 10−6 (26.93± 0.03) · 10−3
Table 1: Cross sections of the t/t¯+ DM and tt¯+ DM processes, for different mediator and dark matter masses.
Both the scalar and pseudoscalar hypotheses are considered. The t/t¯ + DM processes are split by production
mode (t–, s–, and tW channels). The sum of the three is also provided. These cross sections are also shown in
Figure 2 for mχ = 1 GeV.
selection. In order to reject multijet events,
the minimum azimuthal separation (∆φ) be-
tween the missing energy and the six highest-
pT jets in the event must be larger than 1.0.
The signal-enriched region is characterized by
a large amount of missing energy (/ET > 200
GeV) reconstructed in the detector.
The semileptonic channel requires exactly one
isolated lepton (`, electron or muon) with pT >
30 GeV and pseudorapidity |η| < 2.1, and
no other isolated leptons with pT > 10 GeV.
Due to the leptonic trigger, the /ET thresh-
old is lowered to 160 GeV. The minimum jet
multiplicity is also reduced to three or more
jets, with at least of one b-tagged jet. Selec-
tions on the Wboson transverse mass, (mWT =√
2/ETE`T · [1− cos ∆φ(`, /ET)]), and the mWT2
variable [45] are used to discriminate against
SMWboson production and dileptonic tt¯ back-
grounds, respectively.
The list of selection criteria relative to the two
categories are presented in Table 2, and the
number of signal events corresponding to the
2015 dataset are reported in Table 3. The sig-
nal yields are also presented graphically in Fig-
selection channelhadronic semileptonic
/ET > 200 GeV > 160 GeV
number of jets ≥ 4 ≥ 3
number of b-jets ≥ 2 ≥ 1
number leptons veto 1
p`T > 10 GeV > 30 GeV
|η`| < 2.5 (electrons) < 2.1 (electrons)
< 2.4 (muons) < 2.1 (muons)
∆φ(ji, /ET) > 1; i = 1, .., 6 > 1.2; i = 1, 2
mWT − > 160 GeV
mWT2 − > 200 GeV
Table 2: Event selections for the hadronic and semilep-
tonic channels, as applied in the CMS analysis [31].
ure 3 for different mediator mass hypotheses
and mχ = 1 GeV.
The detector parametrization is validated by
comparing the tt¯+DM signal yields estimated
with Delphes with the values from the CMS
search [31]. The tt¯ + DM samples used for
the validation are produced assuming a dark
matter mass of 1 GeV and a mediator mass of
100 GeV, for both the scalar and pseudoscalar
hypothesis. An additional sample with 1 GeV
dark matter particle and a mediator mass of
10 GeV is considered for the scalar interaction.
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Figure 2: Cross sections of the t/t¯+DM and tt¯+DM processes for the scalar (a) or pseudoscalar (b) hypothesis
assuming different mediator masses mϕ and mχ = 1 GeV. The t/t¯+ DM processes are split by production mode
(t–, s–, and tW channels). The sum of the three channels is also shown.
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Figure 3: Expected signal events for scalar (a) and pseudoscalar (b) mediators for various mϕ mass choices and
mχ = 1 GeV. The numerical values are referred to an integrated luminosity of 2.2 fb−1, and are separated by
process (tt¯+ DM or the sum of all t/t¯+ DM production channels) and final state (hadronic or semileptonic).
6
mχ, mϕ (GeV)
tt¯+ DM t/t¯+ DM
hadronic semileptonic hadronic semileptonic
sc
al
ar
mχ = 1, mΦ = 10 23.9± 2.3 8.8± 1.8 5.43± 0.45 2.59± 0.33
mχ = 1, mΦ = 20 22.5± 1.6 9.3± 1.4 5.91± 0.48 2.51± 0.33
mχ = 1, mΦ = 50 15.96± 0.90 6.28± 0.73 5.64± 0.23 2.48± 0.17
mχ = 1, mΦ = 100 10.08± 0.42 4.78± 0.38 4.53± 0.17 2.05± 0.12
mχ = 1, mΦ = 200 4.34± 0.07) 2.72± 0.07 2.78± 0.07 1.49± 0.05
mχ = 1, mΦ = 300 2.14± 0.03) 1.17± 0.03 1.71± 0.03 0.95± 0.02
mχ = 1, mΦ = 500 (4.62± 0.05) · 10−1 (2.86± 0.06) · 10−1 (3.99± 0.05) · 10−1 (2.60± 0.05) · 10−1
mχ = 1, mΦ = 1000 (4.58± 0.05) · 10−2 (2.87± 0.05) · 10−2 (3.46± 0.04) · 10−2 (2.63± 0.04) · 10−2
mχ = 10, mΦ = 10 0.61± 0.03 0.28± 0.02 (2.56± 0.09) · 10−1 (2.84± 0.23) · 10−1
mχ = 50, mΦ = 300 2.21± 0.03 1.16± 0.03 1.74± 0.07 0.87± 0.04
ps
eu
do
sc
al
ar
mχ = 1, mA = 10 10.65± 0.23 5.56± 0.22 3.09± 0.05 1.71± 0.05
mχ = 1, mA = 20 10.66± 0.22 5.79± 0.21 3.70± 0.11 1.81± 0.08
mχ = 1, mA = 50 9.72± 0.18 5.53± 0.18 3.42± 0.08 1.71± 0.06
mχ = 1, mA = 100 8.03± 0.13 4.61± 0.13 2.92± 0.06 1.67± 0.05
mχ = 1, mA = 200 4.74± 0.07 2.79± 0.07 2.07± 0.04 1.26± 0.03
mχ = 1, mA = 300 2.72± 0.04 1.66± 0.04 1.31± 0.02 0.76± 0.01
mχ = 1, mA = 500 (4.65± 0.06) · 10−1 (2.94± 0.06) · 10−1 (2.48± 0.03) · 10−1 (1.71± 0.03) · 10−1
mχ = 1, mA = 1000 (4.73± 0.05) · 10−2 (3.09± 0.05) · 10−2 (3.03± 0.03) · 10−2 (2.27± 0.03) · 10−2
mχ = 10, mA = 10 0.54± 0.01 0.31± 0.01 (2.05± 0.06) · 10−1 (1.11± 0.05) · 10−1
mχ = 50, mA = 300 2.78± 0.04 1.68± 0.04 1.25± 0.04 0.79± 0.03
Background 324± 22 47.1± 3.5 324± 22 47.1± 3.5
Table 3: Signal and background events for scalar and pseudoscalar mediators for various mχ, mϕ mass choices.
The numerical values are referred to an integrated luminosity of 2.2 fb−1, and are separated by process (tt¯+DM
or the sum of all t/t¯ + DM production channels) and final state (hadronic or semileptonic). The background
events are taken from the CMS analysis [31].
mχ, mϕ (GeV)
hadronic semileptonic
CMS Delphes CMS Delphes
mχ = 1, mφ = 10 20± 12 23.9± 2.3 9.1± 4.3 8.8± 1.8
mχ = 1, mφ = 100 10.0± 3.0 10.1± 0.42 4.64± 0.56 4.78± 0.38
mχ = 1, mA = 100 8.5± 1.4 8.03± 0.13 4.36± 0.29 4.61± 0.13
Table 4: Comparison of the number of tt¯ + DM
events between the CMS analysis [31] and the Delphes
parametrization. The uncertainty reported is statistical
only.
The yields are reported in Table 4, and are
found to be compatible with the experimental
result within the statistical uncertainty.
The multiplicity of the reconstructed number
of leptons, jets, and b-tagged jets are presented
in Figure 4 for a dark matter particle of mass
1 GeV and a scalar mediator mass of 100 GeV.
These distributions infer that the present se-
lections do not target the optimal phase space
for the t/t¯ + DM final state. With respect to
tt¯ + DM, the t/t¯ + DM signal has a generally
lower jet and b-jet multiplicity, and harder pT
spectra for the jets and leptons. The former
effect is due to the presence of just one genuine
b quark in the t/t¯+ DM final state, instead of
two b quarks as for the tt¯+ DM signal.
The harder pT spectrum is due to the differ-
ence between the parton distribution functions
relevant to tt¯ + DM production as compared
to t/t¯ + DM. The tt¯ + DM production is pri-
marily glue-glue initiated at the LHC, whereas
the t/t¯+ DM production modes involve quark
p.d.f.s. Compared to gluon p.d.f.s, the quark
and antiquark distribution functions drop less
rapidly at high parton momentum fraction x;
as a result the t/t¯+DM production is less likely
to be at threshold. The excess energy allows for
a harder pT spectrum than found in the tt¯+DM
production.
Given these kinematic differences, a more tar-
geted search could obtain a higher efficiency
by lowering the requirements on the number of
7
jets and requiring exactly one b-tagged jet in
the hadronic channel. A veto on additional b-
tagged jets could instead reduce the SM tt¯ pro-
duction, which represents the main irreducible
background for the considered signal, and fur-
ther increase the t/t¯ + DM signal efficiency.
This phase space is currently not investigated
in the tt¯ + DM CMS analysis, and can be ex-
ploited by a dedicated analysis targeting this
production mechanism.
The distributions of jets, b-jets, leptons and
/ET are presented in Figure 5, showing that
t/t¯ + DM spectra are harder with respect to
tt¯ + DM events if the mediator mass is large
enough (mϕ & 100 GeV). In fact, despite the
generally smaller cross section of the former
with respect to the latter, the t/t¯+DM produc-
tion mode is kinematically favored with respect
to tt¯ + DM [46]. For lower mediator masses,
between 10 and 100 GeV, the two spectra are
comparable.
Impact on the exclusion limit
The sensitivity of the t/t¯ + DM process is as-
sessed by calculating the improvement on the
final exclusion limits obtained by the inclu-
sion of t/t¯ + DM events in addition to the
tt¯ + DM process. The limits are set on the
signal strength µ = σ/σth, where σ is the mea-
sured cross section and σth is the value pre-
dicted by the theory model assuming gχ = gv =
1. The expected number of background events
and the relative uncertainty are obtained from
the CMS search [31] after the background-only
fit to data, which provides a reliable estimate
of the background yields in the hadronic and
semileptonic channels. The signal is normal-
ized to the simulated expectation for both the
t/t¯+DM and tt¯+DM processes. A cut based
approach is adopted for events entering the
hadronic and semileptonic signal region of the
legacy analysis.
The exclusion limits are determined using a
modified frequentist approach of confidence
levels (CLs) [47, 48], where the asymptotic ap-
proximation is taken from the profile likelihood
L as a test statistics [49]. The likelihood func-
tion L is defined as L = ∏i P(λi, ni), and
P(λ, n) = λne−λn! , where λ = µ ·ns+nb and µ is
a signal strength modifier, ns and nb the num-
ber of signal and background events in the i-th
channel. Their uncertainties originate from the
limited number of generated events, and the
background fit to data [31], respectively, and
are treated as nuisance parameters and profiled
in the statistical interpretation. The likelihood
is maximized to obtain the best fitted value for
µ.
The upper limits are reported in Table 5 and
shown graphically as a function of the mediator
mass for the mχ = 1 GeV assumption in Fig. 6,
separately for the scalar and pseudoscalar me-
diators. The resulting values are found to be
comparable within 20% to the inclusive CMS
analysis [31] for low mediator mass. At high
mediator mass, the CMS search takes advan-
tage of the signal /ET shape, which differs sig-
nificantly from the background, and the exclu-
sion limits derived with the cut-and-count be-
come less stringent than those extracted with
the shape fit. Nevertheless, we find that, by
including the t/t¯+DM processes alongside the
tt¯ + DM production modes yields relative im-
provements in the expected limit ranging from
30% at low mediator mass up to 90% at high
mediator mass (mϕ = 1 TeV).
The sensitivity of the analysis is also pro-
jected for two future scenarios. Considering
the dataset collected during 2016 and at the
end of LHC Run II, an estimated integrated
luminosity of 35 fb−1 and ∼ 300 fb−1 will be
available to the ATLAS and CMS experiments.
Without any reliable method to estimate the
systematic uncertainties for these datasets, the
results are extracted under the assumption that
the background uncertainties will scale as the
square root of luminosity and the signal uncer-
tainty remains constant. The exclusion limits
are reported in Figure 7. Even with large lumi-
nosities, it is verified that the addition of the
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Figure 4: Normalized distributions of the number of reconstructed leptons (a), jets (b), and b-tagged jets (c)
before any selection for a scalar mediator with mass of 100 GeV and a 1 GeV dark matter particle. The solid
black line shows the tt¯ + DM process, while the solid histograms are stacked and show the contribution of the
t/t¯ + DM processes (tW -channel, t-channel, and s-channel), weighted by the corresponding cross-section. Both
t/t¯+ DM and tt¯+ DM histograms are normalized to the unit area.
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Figure 5: Comparison of the t/t¯ + DM (stacked solid histograms) and tt¯ + DM kinematic distributions in the
semileptonic (top row) and hadronic (bottom row) channels for the pT of the leading jet (left), the ∆φ(ji, /ET) or
the pT of the leading lepton (center), and the reconstructed missing energy (right). The t/t¯+DM processes (tW -
channel, t-channel, and s-channel) are weighted by the corresponding cross section. The t/t¯+ DM and tt¯+ DM
histograms are normalized to the unit area. The last bin of the distributions includes the overflow events.
9
 (GeV)Φm
10 20 30 40 50 100 200 300 1000
=
1)
χ(g
σ/
σ
0.4
1
2
3
10
20
30
100
200
300
1000
Observed
Expected
Observed
Expected
  (13 TeV)-12.2 fb
 + DM (CMS-PAS-EXO-16-005)tt
 + DM, single t + DMtt
hadronic + semileptonic channel
 (GeV)Φm
10 20 30 40 50 100 200 300 1000
=
1)
χ(g
σ/
σ
0.4
1
2
3
10
20
30
100
200
300
1000
Observed
Expected
Observed
Expected
  (13 TeV)-12.2 fb
 + DM (CMS-PAS-EXO-16-005)tt
 + DM, single t + DMtt
hadronic + semileptonic channel
Figure 6: Comparison between the expected and observed exclusion limits on µ = σ/σth considering the tt¯+DM
signal alone as in Ref. [31] (black dotted and solid lines), and with the combined tt¯+ DM and t/t¯+ DM signals
(red dotted and solid lines) for the scalar (left) and pseudoscalar (right) mediator hypothesis. The area above
the lines, indicated by the shaded areas, represents the excluded parameter space. The observed number of data
events, and the background yields and uncertainties, are taken from Ref. [31].
t/t¯+DM signal still increases significantly the
sensitivity on the exclusion limit.
mχ, mϕ (GeV)
tt¯+ DM tt¯, t+DM
expected observed expected observed
sc
al
ar
mχ = 1, mΦ = 10 1.7 2.1 1.3 1.7
mχ = 1, mΦ = 20 1.6 2.1 1.3 1.6
mχ = 1, mΦ = 50 2.4 3.0 1.7 2.1
mχ = 1, mΦ = 100 3.2 4.1 2.2 2.9
mχ = 1, mΦ = 200 6.7 8.6 4.1 5.3
mχ = 1, mΦ = 300 13 17 7.4 9.5
mχ = 1, mΦ = 500 56 72 29 38
mχ = 1, mΦ = 1000 554 716 291 377
mχ = 10, mΦ = 10 54 69 37 48
mχ = 50, mΦ = 300 13 17 7.7 9.8
ps
eu
do
sc
al
ar
mχ = 1, mA = 10 2.8 3.6 2.1 2.8
mχ = 1, mA = 20 2.7 3.5 2.1 2.6
mχ = 1, mA = 50 2.9 3.7 2.2 2.8
mχ = 1, mA = 100 3.4 4.4 2.5 3.2
mχ = 1, mA = 200 5.7 7.3 3.9 5.0
mχ = 1, mA = 300 9.6 12 6.5 8.5
mχ = 1, mA = 500 54 70 34 44
mχ = 1, mA = 1000 518 668 299 387
mχ = 10, mA = 10 50 65 37 48
mχ = 50, mA = 300 9.4 12 6.4 8.3
Table 5: Observed and expected upper limits on µ =
σ/σth at 95% CL, relative to the integrated luminosity
collected in 2015 (L = 2.2 fb−1). The center column
reports the excluded values for a tt¯+ DM signal alone,
and the left column for both the tt¯+DM and t/t¯+DM
signal combined.
Summary
We have considered for the first time the pro-
duction of dark matter in association with a
single top quark and found a sizable contribu-
tion to dark matter searches with heavy flavour
quarks. Although the cross section is gener-
ally smaller with respect to top quark pair plus
dark matter processes, the single top quark and
dark matter associated production is compet-
itive because of a sizable selection efficiency.
Notably, the pT spectra of the visible particles
in the event tend to be harder than those found
in associated top pair production.
Including these processes in the search for dark
matter produced in association with top quark
pairs performed by CMS, an improvement on
the exclusion limit between 30 and 90% is
achievable with the 2015 dataset. The in-
creased sensitivity is confirmed also for future
analyses with the 2016 dataset and the LHC
Run II predicted luminosity. Considering that
the present CMS and ATLAS searches do not
use any optimized selection for the single top
quark and dark matter process, it is reasonable
to expect that the reach of single top quark and
dark matter will further improve with a dedi-
cated analysis, and it will play a pivotal role in
future searches at hadron colliders.
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Figure 7: Expected exclusion limits on µ = σ/σth for the tt¯+ DM signal (blue and yellow lines) and the sum of
t/t¯ + DM and tt¯ + DM (green and red lines)f or the scalar (left) and pseudoscalar (right) mediator hypothesis.
The two scenarios considered are with the 2016 dataset (35 fb−1) and for the LHC Run II (300 fb−1).
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